Previous studies of pediatric intracerebral hemorrhage have investigated isolated intraparenchymal hemorrhage. The authors investigated whether detailed assessment of intraventricular hemorrhage enhanced outcome prediction after intracerebral hemorrhage. They prospectively enrolled 46 children, full-term to 17 years, median age 2.7 years, with spontaneous intraparenchymal hemorrhage and/or intraventricular hemorrhage. Outcome was assessed with the King's Outcome Scale for Childhood Head Injury. Twenty-six (57%) had intraparenchymal hemorrhage, 10 (22%) had pure intraventricular hemorrhage, and 10 (22%) had both. There were 2 deaths, both with intraparenchymal hemorrhage and intraventricular hemorrhage volume 4% of total brain volume. Presence of intraventricular hemorrhage was not associated with poor outcome, but hydrocephalus showed a trend (P ¼ .09) toward poor outcome. In receiver operating characteristic curve analysis, combined intraparenchymal hemorrhage and intraventricular hemorrhage volume also showed a trend toward better outcome prediction than intraparenchymal hemorrhage volume alone. Although not an independent outcome predictor, future studies should assess intraventricular hemorrhage qualitatively and quantitatively.
Stroke occurs in 2 to 13 per 100 000 children per year in the developed world. 1, 2 In a large pediatric study from a Northern California health system, intracerebral hemorrhage had an incidence of 1.4 per 100 000 person-years. 3 Spontaneous intracerebral hemorrhage accounts for about 50% of stroke in children, whereas in adults it accounts for only about 15%. Intracerebral hemorrhage comprises intraparenchymal hemorrhage, intraventricular hemorrhage, and subarachnoid hemorrhage. In contrast to adults, intraparenchymal hemorrhage in children is rarely due to long-standing hypertension and most often is due to vascular malformations. 4 Given the distinct etiologies compared to adults and limited pediatric studies, intraparenchymal hemorrhage and intraventricular hemorrhage are incompletely understood in children. In addition, intraventricular hemorrhage is rarely studied in children who are not premature infants. The strongest associations with outcome in pediatric intracerebral hemorrhage are intraparenchymal component of intracerebral hemorrhage 2% of total brain volume resulting in moderate disabilities and 4% resulting in severe disability. 4, 5 It is important to note that measures of hemorrhage volume in these studies included only intraparenchymal hemorrhage volume; therefore, the relation of total hemorrhage (intraparenchymal hemorrhage and intraventricular hemorrhage) volume to outcome has not yet been studied. In addition, previous pediatric studies categorized intraventricular hemorrhage as either present or absent and found no association of intraventricular hemorrhage with outcome. In adults with intracerebral hemorrhage, the presence or absence of intraventricular hemorrhage, the intraventricular hemorrhage volume, and scores rating the severity of intraventricular hemorrhage have all been shown to add to outcome prediction models after intracerebral hemorrhage. 6 In the current study, intraventricular hemorrhage was systematically analyzed by manual volumetric analysis. We also used an intraventricular hemorrhage scoring system developed by Hijdra 7 et al. Since previous retrospective 5 and prospective 4 pediatric studies on outcome prediction in pediatric intracerebral hemorrhage neither assessed intraventricular hemorrhage volume or intraventricular hemorrhage distribution nor investigated intraventricular hemorrhage scores, an association of intraventricular hemorrhage with outcome may not have been appreciated. Our primary goal was to investigate whether the inclusion of intraventricular hemorrhage volume and/or an intraventricular hemorrhage score, rather than simply dichotomizing intraventricular hemorrhage as present or absent, enhanced our ability to predict poor outcome.
Methods Participants
Children, full-term newborns, 37 weeks to 17 years, with spontaneous intraparenchymal hemorrhage with or without concomitant intraventricular hemorrhage or with isolated intraventricular hemorrhage confirmed on computed tomography or magnetic resonance imaging were included. With parental informed consent, participants were prospectively enrolled from 2007 to 2009 in an institutional review board-approved study at two large tertiary care centers. Excluded were the following: trauma, isolated subarachnoid hemorrhage, intracerebral hemorrhage due to brain tumor, and hemorrhagic transformation of arterial ischemic stroke or cerebral venous sinus thrombosis.
Intraventricular Hemorrhage Assessments
Volumetric analysis of total brain volume, intraparenchymal hemorrhage volume, and intraventricular hemorrhage volume was performed by 2 raters using ImageJ as previously described (http:// rsb.info.nih.gov/ij/download.html) on the initial imaging study. 5, 8 Total brain volume included the cerebral hemispheres, cerebellum, and brainstem. Ventricular volume was not subtracted from the total brain volume so that total brain volume would not vary with hydrocephalus. Values obtained by manual segmentation tracing were the reference criterion. Both intracerebral hemorrhage and intraventricular hemorrhage volume were expressed as a percentage of total brain volume. 4, 5, 8 We used the intraventricular hemorrhage score to estimate intraventricular hemorrhage severity for use as a possible bedside method for aiding outcome prediction. 8, 9 An intraventricular hemorrhage score was assigned independently by 2 raters using the Hijdra scheme to quantify intraventricular hemorrhage size in the right lateral, left lateral, third, and fourth ventricles. 7 Hemorrhage in each ventricle was scored as 0 points for no blood, 1 point for posterior sedimentation of blood, 2 points for a partly filled ventricle, and 3 points for a completely filled ventricle (total score range 0-12 points).
Outcome Assessment
Children were assessed at follow-up by a pediatric stroke neurologist with the King's Outcome Scale for Childhood Head Injury (KOSCHI). 10 The KOSCHI incorporates functional impairments as well as periodic symptoms like headaches and seizures. Scores are 1 for death, 2 for vegetative state, 3a and 3b for severe disability (3a worse), 4a and 4b for moderate disability (4a worse), and 5a and 5b for good recovery (5b full recovery, no residual symptoms). Poor outcome was defined as KOSCHI <4.
Statistical Analysis
Interrater reliability for intraventricular hemorrhage score estimation was measured with a weighted kappa statistic. A kappa >0.8 is considered excellent. 11 Linear regression was performed to determine the correlation of the estimated measure of intraventricular hemorrhage, the intraventricular hemorrhage score, with the volumetric measures. Since values were not normally distributed, data were log transformed. The regression analysis was clustered by patient since the two ratings for each patient were not independent, and the parameter R 2 was reported as the result. The intraventricular hemorrhage score was added to a logistic regression model for prediction of poor outcome. Outcome prediction using intraparenchymal hemorrhage volume was compared to intraparenchymal hemorrhage and intraventricular hemorrhage volume using receiver operating characteristic curves. Categorical comparisons were performed using w 2 . A 2-tailed P value of <.05 was considered statistically significant. Statistical analysis was performed using STATA version 11.0 (Stata Corp, College Station, TX).
Results
We enrolled 46 children, mean age 6.2 + 6.4 years and median age 2.7 years (range 0-17.3 years). Twenty-four (52%) were male. Fifteen participants (33%) were younger than 1 year of age, including 10 (22%) neonates (<30 days old). Racial distribution was 31 (67%) Caucasian, 14 (31%) Black or African American, and 1 (2%) South Asian. One Caucasian child was Hispanic. All children were neurologically normal before the hemorrhage. Mean intraparenchymal hemorrhage was 1.59% of total brain volume, mean intraventricular hemorrhage was 0.77% of total brain volume, and mean intraparenchymal hemorrhage and intraventricular hemorrhage volume was 2.33% of total brain volume. Patient characteristics and follow-up KOSCHI scores are presented in Table 1 .
Intraventricular Hemorrhage Characteristics
Isolated intraparenchymal hemorrhage occurred in 26 (56%) patients, 10 (22%) had isolated intraventricular hemorrhage, and 10 (22%) had both. The mean and median ages at presentation among children with isolated intraventricular hemorrhage (2.8 + 5.3 years, median 0.1 year), isolated intraparenchymal hemorrhage (mean 8.3 + 6.7 years, median 8.4 years), and concomitant intraventricular hemorrhage and intraparenchymal hemorrhage (4.7 + 5.2 years, median 2.95 years) are shown in Figure 2A . Using analyses of variance, a difference was found between groups (P ¼ .05). Using t tests, patients with pure intraventricular hemorrhage were younger than those with pure intraparenchymal hemorrhage (see Figure 2A ; mean 2.8 + 5.3 years, median 0.1 year vs mean 8.3 + 6.7 years, median 8.4 years, P ¼ .03). Those with both intraparenchymal hemorrhage and intraventricular hemorrhage were of intermediate age (mean 4.7 + 5.2 years, median 2.95 years) but not statistically different from either group. Patients younger than 1 year old primarily had choroid plexus or idiopathic hemorrhages (72%), whereas children older than 1 year primarily had hemorrhages related to vascular malformations (75%; see Figure 2B ; w 2 ¼ 16.89, P < .0001). Three patients (7%) had some infratentorial hemorrhage. Intraventricular hemorrhage volumes ranged from 0.1 to 63.8 cm 3 , corresponding to 0.3% to 19% of total brain volume, and intraventricular hemorrhage scores ranged from 0 to 11 (see Figure 1 ). The weighted kappa statistic for intraventricular hemorrhage score agreement between raters was 0.84 (95% confidence interval: 0.77-0.86), and absolute agreement was 94.5%. Intraventricular hemorrhage score and manual intraventricular hemorrhage volume correlation was fair, R 2 ¼ 0.42 (b ¼ 1.11; 95% confidence interval: 0.04-2.19; P ¼ .04). Presence of hydrocephalus was associated with a trend for poorer outcome (P ¼ .09).
The intraventricular hemorrhage score was added to a logistic regression model for predicting poor outcome. The only statistically significant predictor of poor outcome was intraparenchymal hemorrhage volume in both univariate and multivariate analysis. In our multivariate model, we attempted to adjust for age >1, presence of intraventricular hemorrhage, high intraventricular hemorrhage score, and high intraventricular hemorrhage volume; but these were not statistically significant. Since only 20 of the 46 children in this sample had intraventricular hemorrhage, a power calculation was performed. Overall, we had only 54% power to detect a difference in good versus poor outcome for those with a large intraparenchymal hemorrhage (4% of total brain volume) compared to those with intraparenchymal hemorrhage <4% of total brain volume. Power increased to 59% when the presence of intraventricular hemorrhage was added to large intraparenchymal hemorrhage (7 of 20 children with intraventricular hemorrhage also had a large intraparenchymal hemorrhage). We did detect a difference in outcome between children with intraparenchymal hemorrhage volume 4% of total brain volume versus <4% of total brain volume, but our power to detect the additive effect of intraventricular hemorrhage was limited.
Patient Outcomes
Patient outcomes are presented in Figure 3 . As previously shown, 4,5 patients with larger hemorrhages did poorly. In our cohort, 11 (24%) had intraparenchymal hemorrhage 2% of total brain volume, and 4 had intraparenchymal hemorrhage 4% of total brain volume. When total hemorrhage volume (intraparenchymal hemorrhage and intraventricular hemorrhage) was analyzed, 18 (39%) had hemorrhage 2% of total brain volume, and 8 had hemorrhage 4% of total brain volume. Four children had KOSCHI <4 at their last follow-up, at a median of 10 months (range 1-28 months) from the acute hemorrhage (see Figure 3 ). There were 2 deaths, both in children with intraparenchymal hemorrhage and intraventricular hemorrhage volume 4% of total brain volume; intraventricular hemorrhage scores were both 9; and each had herniation. Most children with intraparenchymal hemorrhage volume 2% of total brain volume have moderate disabilities, and those with 4% have severe disability. 4, 5 When placing children in this cohort into 3 categories of hemorrhage volume (intraparenchymal hemorrhage <2%, 2%-4%, or 4% total brain volume), a volume-dependent relationship with outcome is apparent (see Figure 3A ). However, some patients predicted to have good outcomes based on intraparenchymal hemorrhage volume alone had poor outcomes (see Figure  3A) . For example, patients with small intraparenchymal hemorrhage volumes <2% of total brain volume but large intraventricular hemorrhage 4% of total brain volume are classified as having large hemorrhage when both intraparenchymal hemorrhage and intraventricular hemorrhage volume are considered (see Figure 3B ). Using the combined intraparenchymal hemorrhage and intraventricular hemorrhage volume, these children are predicted to have poor outcome, whereas they would be predicted to have good outcome if only the smaller intraparenchymal hemorrhage volume were taken into account ( Figure 3A vs 3B) . The point estimate and 95% confidence interval in receiver operating characteristic curves analysis were higher for predicting poor outcome (KOSCHI <4) using intraparenchymal hemorrhage and intraventricular hemorrhage versus intraparenchymal hemorrhage volume alone (area under curve 0.88; 95% confidence interval: 0.74-1.00 vs 0.74; 0.37-1.00; P ¼ .81).
Intermediate outcomes could not be predicted with both high sensitivity and specificity using either intraparenchymal hemorrhage volume or intraparenchymal hemorrhage and intraventricular hemorrhage volume. 
Discussion
This study offers a detailed analysis of intraventricular hemorrhage in a prospectively enrolled pediatric population with intraparenchymal and intraventricular hemorrhage. Including intraventricular hemorrhage volume in addition to intraparenchymal hemorrhage volume may provide additional prognostic information. To illustrate this point, one patient with intraparenchymal hemorrhage with intraventricular hemorrhage would have been categorized as having hemorrhage 2% total brain volume when accounting only for the intraparenchymal hemorrhage, and one would expect a good outcome. However, when the intraventricular hemorrhage was taken into account, the intraparenchymal hemorrhage and intraventricular hemorrhage volume was 4% of total brain volume, and total hemorrhage volume correctly predicted a poor outcome since this patient subsequently died ( Figure 3A vs 3B) . Additional studies with a larger sample size are needed to clarify whether presence of intraventricular hemorrhage, degree of intraventricular hemorrhage, and/or presence of hydrocephalus are independent predictors of poor outcome. In addition, the method in which intraventricular hemorrhage is assessed is critical to consider for future studies. The correlation between the intraventricular hemorrhage score and manual intraventricular hemorrhage volume was only fair, likely because the intraventricular hemorrhage score values blood in each ventricle equally. For example, a small volume of blood completely filling the third or fourth ventricle is weighted the same as a larger volume of blood completely filling a lateral ventricle; both have an intraventricular hemorrhage score of 3. Logically, a small volume of blood in the third and/or fourth ventricles may be clinically relevant in children, as it may rapidly produce hydrocephalus. At the present time, both the intraventricular hemorrhage score and the intraventricular hemorrhage volume are worthy of further study in children. Our study suggests that younger children are most likely to present with isolated intraventricular hemorrhage (not due to vascular malformations), a finding that has not been reported outside of the preterm neonatal population. 12, 13 In comparison to adult studies, this sample is small, yet it represents the largest prospective pediatric spontaneous intracerebral hemorrhage study to date. Despite collaboration between two large tertiary children's medical centers, we still faced sample size issues. However, with only a 59% power to detect a statistically significant difference in outcome, we saw a trend for poorer outcome in patients with hydrocephalus.
Conclusions
In this cohort, presence of intraventricular hemorrhage, volume of intraventricular hemorrhage, and intraventricular hemorrhage score were not independent predictors of poor outcome. Methodologically, intraventricular hemorrhage volume and intraventricular hemorrhage score can be systematically assessed in prospective studies since intraventricular hemorrhage may contribute to poor outcome through the appearance of hydrocephalus. Hemorrhage etiologies exist in different proportions based on age. Our data may provide a helpful model for future studies investigating intraventricular hemorrhage in children, although further research is needed to characterize intraventricular hemorrhage and to refine outcome prediction models. 
